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INTRODUCTION 


Considerable effort has been expended in recent years on the problem of 
reducing undesirable emissions from gas turbine combustors. Although emission 
control must be considered over the entire spectrum of gas turbine operation, 
particular emphasis has been placed on the condition encountered in the com- 
bustor of an aircraft engine during supersonic cruise. Supersonic cruise, 
where the combustor inlet air temperature is 833K (ISOO^R) and the pressure is 
40 N/cm (4 atmospheres), constitutes one of the more critical phases of the 
overall emission control problem. The extremely high combustor temperatures 
corresponding to this condition exacerbate the problem of controlling the pro- 
duction of nitrogen oxides . Moreover, the fact that supersonic cruise occurs 
at high altitude intensifies the importance of NO^ control due to the poten- 
tially adverse affect of NO^ emissions on the stratospheric ozone layer. 

A number of techniques have been proposed for limiting the production of 
NO^ in gas turbine combustors. Several of these (lean primary zone, rapid 
quench, two stage combustion) have shown considerable promise when incorporated 
into operating gas turbines and have reduced NO^ emission levels to the order 
of 4 g-NO^/kg-fue 1 (References 1-3) with combustion efficiencies of at least 
99Z* However, the technique which has demonstrated the most impressive ability 
to reduce NO^ emission is that of premixed combustion which, in flame tube ex- 
periments (References 4-6), has achieved emission levels as low as 0.2 g-N 02 /kg- 
fuel at the supersonic cruise condition with 99% combustion efficiency. To date, 
premixed combustion has not been incorporated into an operating gas turbine en- 
gine. 


In work performed recently at General Applied Science Laboratories, Inc., 
(References 6 and 7) a number of premixing combustor designs were tested at 
the supersonic cruise condition to determine the effect of premixing quality 
on combustor emission levels. One particular design, utilizing the normal 
injection of liquid fuel through a number of orifices mounted flush with the 
walls of a premixing tube, produced particularly low levels of NO^, CO and un- 


*N0 and NO^ , the sum of which is generally designated as 
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burned hydrocarbons (UHC) . As a result. It Is possible that this concept can 
serve as the kernel of a second generation low emission combustor design. How- 
ever, before such a scheme can be considered for Integration within an operating 
engine, additional information is required regarding its performance at conditions 
other than the single point at which tests were conducted. In this experiment, 
two specific performance characteristics were ascertained. First, the varia- 
tion of NO , CO and UHC emission levels with combustor entrance temperature and 
pressure. Second, whether the concept could be used at the high pressures and 
temperatures encountered in takeoff and climb-out without encountering flash- 
back or autoignition in the premixing tube. 

This report presents the results of an experimental program in which the 

GASL normal injection premixing burner was operated over a range of tempera- 

2 

tures between 700K and 1000K at pressures of 40, 80, 120 and 2^0 N/cm . The 
combustor reference velocity, defined as the mass flow rate divided by the com- 
bustor entrance density and maximum cross sectional area was held constant at 
43 m/sec (150 ft/sec). The combustor section of the flame tube apparatus was 
15.2 cm (6-inches) in diameter and 46 cm (l8-inches) in length. The Mach num- 
ber in the mixer tube, which varied slightly with entrance temperature to main- 
tain a fixed reference velocity, was 0.25 at the supersonic cruise temperature 
(833K) which is representative of the compressor exit Mach number. The flame 
tube apparatus represents the primary zone of a combustor without secondary air 
dilution. Consequently, the exit temperatures are higher than those for a com- 
plete combustor. 


TEST APPARATUS AND PROCEDURES 
Combustor Test Rig 

The combustor test apparatus is illustrated in Figure (l). Heated air 
enters the 8.9 cm diameter mixing duct through a bell mouth transition from 
an upstream plenum chamber. Fuel is injected through a set of flush mounted 
wall orifices located 15 cm from the entrance face. The fuel and air mix and 
flow through the premixing duct at a velocity of 135 m/sec and over a 10° half 
angle, hollow-based, conical flameholder supported by four hollow-based struts 
at the combustor entrance station. The mixer duct diameter expands by 64^ from 
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Ml xer 


Combustor 



FIGURE 1. COMBUSTION TEST APPARATUS 

the tip of the cone to the combustor entrance station to provide some diffusion 
of the high velocity air in order to reduce stagnation pressure losses associated 
with the sudden expansion and combustion which occurs downstream. The details 
of the flameholder section are shown in Figure (2). 

The combustor flame Is anchored by three connected recirculation regions: 

(i) the 5.1 cm diameter flameholder base, (ii) the 1.3 cm struts, and (iii) the 
separated flow at the 1.9 cm annular step at the combustor entrance. The com- 
bustor is cylindrical with a diameter of 15.2 cm and a length of 46 cm. The com- 
bustor exit station is equipped with a water cooled cruciform rake containing 
sixteen sampling ports located at the centers of equal flow areas. The legs of 
the sampling rake are offset by 45^ from the legs of the flameholder. A hydrogen- 
air gas Igniter initiates combustion at a point just downstream of the annular 
step and is shut off once ignition is achieved. 
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FIGURE 2. FLAMEHOLDER DETAILS 

The details of the fuel injection assembly are illustrated in Figure (3) 
Twelve flush mounted orifices are set into a ring plenum and spray fine Jets 
of fuel across the mixer airstream. Each transverse jet of fuel is atomized 
by the shear of the surrounding air to create a sheet of fine droplets which 
need only diffuse through the small lateral distance between adjacent sheets to 
mix completely. The fuel injection scheme is simple and offers the substantial 
advantages of a good initial dispersion of the liquid and an aerodynami ca 1 1 y 
clean mixer tube. As with any simple pressure atomization system, it suffers 
from the disadvantage of coupling the fuel distribution pattern with the flow 
rate. This coupling comes from the fact that the penetration of a fixed dia- 
meter transverse liquid jet is very nearly a linear function of the jet mass 
flow. As a result, the degree of premixing which can be produced falls off 
somewhat as the equivalence ratio decreases. 







meters . 

FIGURE 3. fuel injector ASSEMBLY 

Since tests were conducted at a constant reference velocity, the air mass flow 

varied by a factor of six between tests conducted at the lowest total pressure 

2 2 
{ho N/cm ) and those conducted at the highest {2h0 N/cm ). The mass flow of fuel 

through a fixed diameter orifice varies with the square root of the orifice pres- 
sure drop. As a result, using the same fuel orifice diameter for tests at all 
pressures would be impractical. Therefore, the orifice diameter was held constant 
for all tests at the same total pressure but varied when the pressure level and 
total mass flow were changed. The fuel orifice diameters used are listed in 
Table I. Within the constraints of standard drill sizes the orifice area was 
varied in direct proportion to the mass flow. 

The apparatus was constructed using a heavy outer shell for pressure contain- 
ment and a lighter stainless steel liner to reduce the thermal stress on the pres- 
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TABLE I 

FUEL ORIFICE DIAMETER 


Total Pressure 
(N/cm^) 

ko 

80 

120 

240 


Total Temperature 

(K) 

All levels tested 
All levels tested 
All levels tested 
All levels tested 


Orifice Diameter 
(mm) 

0.40 

0.56 

0.66 

0.94 


sure vessel. The gap between the pressure shell and the liner was sealed in the 
mixer section to insulate and minimize heat losses. In the combustor section, 
cold air was injected into the gap between the liner and the pressure wall as a 
means of limiting liner temperature and preventing mechanical failure. During 
operation, the mixer wall temperature was approximately 50 K lower than the burner 
inlet air temperature and the combustor liner temperature was approximately con- 
stant at a temperature of 1000 K, varying somewhat with equivalence ratio. 

The exit of the combustion apparatus is a choked orifice, sized to produce 
a stagnation pressure of approximately ~!S% of the desired level at the design 
mass flow. The combustor liner cooling air is added to the combustor exhaust 
gas along with a separately controlled quantity of air which is injected just up- 
stream of the exit orifice. The amount of additional air added upstream of the exit 
orifice is controlled to produce the desired combustor entrance stagnation pres- 
sure. This aerodynamic valve provides a means of maintaining constant combustor 
pressure as equivalence ratio and entrance temperature are varied. 

Fuel System and Properties 

Liquid JP-5 fuel is stored in a tank which is pressurized with nitrogen and 
connected to the apparatus through a cavitating venturi and turbine flow meters. 

The flow rate is a function of the upstream pressure which is controlled by an in- 
line regulator. A physical analysis of the JP-5 used is presented in Table II. 


6 


TABLE I I 

JP-5 PHYSICAL ANALYSIS 


Tf 


Specific gravity at 288K (60^F) 
Flash point, PM 
Pour point 

Viscosity at 310K (lOO^F) 
Initial boi 1 ing point 
Distillate 
20^ Distillate 
50^ Distill ate 
30% Distil late 
Final boi 1 i ng point 
Residue, by volume 


0.815 (^2.1 deg. A.P.I.) 

329K (13^°F) 

277K (-50°F) 

1.5 X 10~^ m^/sec (31 sec. S.S.U. 
h52K (355°F) 
k6SK (385°F) 

477K (itOO^F) 
if99K {kkO°F) 

5AifK (520°F) 

555K (540°F) 

3% 


I nstrumentat i on 


A 0.3 cm thick (12^ blockage) rake spans the combustor entrance duct and de- 
fines mixer stagnation pressure and temperature. Static pressure taps and liner 
surface thermocouples are provided along the walls of the apparatus. Figure {h) 



FIGURE 4. COMBUSTION APPARATUS - INSTRUMENTATION STATIONS DENOTED BY TRIANGLES - 
CIRCLED DIMENSIONS ARE AXIAL DISTANCE FROM ENTRANCE IN CENTIMETERS 
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summarizes the Instrumentation locations and dimensions of the basic configura- 
t ions. 

A sixteen point cruciform sampling rake is located at the combustor exit 
station. The rake is constructed of stainless steel and is cooled by an in- 
ternal flow of water which is discharged downstream to cool the combustor ex- 
haust gas. The sixteen individual ports are located on four struts at the 
center of equal flow areas and are manifolded externally to provide an average 
gas sample for chemical analysis. 

The gas sampling system is shown schematically in Figure (5). The sampling 



FIGURE 5. SAMPLING SYSTEM SCHEMATIC 
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manifold is connected by a 6,^ mm (l/4-inch) stainless steel line to a high flow 
pressure regulator and dump valve. The sample, collected at the combustor stag- 
nation pressure is regulated down to a pressure of 2x10 N/m (2 atm) before be- 
ing divided by a set of metering valves into four individual streams. The sample 
line is heated to a temperature of 450K (350^F) up to a Beckman Model 402 hydro- 
carbon analyzer which accepts one of these streams: the remaining three sample 

streams are allowed to cool to 3&5K (195^F). The sample line is heated by wrap- 
ping it with an asbestos cloth resistance heater and enclosing the assembly with 
a fiberglass/plastic foam insulating sheath. One of the sample streams is passed 
through a Beckman Model 951 NO/NO^ analyzer (chemiluminescence). Another leads 
to a Beckman Model 864 infrared analyzer (CO^) , a Beckman Model 742 oxygen ana- 
lyzer (Pol arograph i c) and a Beckman Model 315B infrared analyzer (CO) , connected 
in series. The last line is used as a dump. Flow rates through the system are 
kept high by maximizing the amount of sample dumped both up and downstream of 
the pressure reduction regulator. Calibration gas is introduced through a three 
way valve located just downstream of the sample manifold. Zero gas for the oxy- 
gen, CO 2 and CO analyzers (dry nitrogen) enters through a three way valve located 
upstream of the set of metering valves. The NO/NO^ and hydrocarbon analyzers 
provide internal sources of zero gas. Gas analysis procedures and data reduction 
equations were in accordance with ARP 1256, Reference (2). The data reduction 
procedures and instrument calibration curves are presented in Appendix A. 

Test Procedure 

The experiments were carried out using the pebble bed blow-down facility of 
General Applied Science Laboratories, Inc., whose pertinent components are illus- 
trated in Figure (6). Mechanical compressors fill a bank of storage bottles with 

3 2 

air at a pressure on the order of 10 N/cm . The air is dried prior to storage 

-4 

and contains less than 2x10 kg of water per kg of air. Prior to a test, a bed 
of aluminum oxide pebbles is heated by electric glow-bars to a preset temperature. 
Air from the storage bank is passed through the bed of heated pebbles and into the 
combustion apparatus. 

As with any blow-down facility, test time was limited by the heat storage 
capacity of the pebble bed and the air storage capacity of the tanks. For these 
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FIGURE 6. SCHEMATIC OF GASL PEBBLE BED COMBUSTION TEST FACILITY 

tests, heat storage capacity was the limiting quantity. For tests at a pressure 
of kO N/cm^, the pebble bed outlet temperature hoi ds within + 6K (IO^R) limits 
for over three minutes. Since the gas analysis system response time is approxi- 
mately thirty seconds, conditions for each test point v'ere held steady for one 
minute. As a result, the pebble bed temperature was generally fixed at the de- 
sired value and a sequence of data points taken at various equivalence ratios. 

The pebble bed would then be allowed to cool for several minutes and a new se- 
quence of data points taken at the lower inlet air temperature. A similar pro- 

2 

cedure was followed at pressures of 80 N/cm , with less points taken in each run. 

2 

For tests conducted at a pressure of 120 N/cm the pebble bed outlet tempera- 
ture would drop at a rate of approximately 12K per minute. For these tests, 
equivalence ratio was held constant during the data interval and the temperature 
was allowed to drop. The temperature variation over the thirty second sample 
analysis time was + 3K about the mean value assigned to the data point. 

2 

At a pressure of 2A0 N/cm the system mass flow was such as to cause a tem- 
perature drop of approximately lOK in thirty seconds. Tests at this pressure level 
produced only one data point per run. 
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DISCUSSION OF RESULTS 
Autoignition 

One of the principal concerns regarding the application of premixed combus- 
tion to gas turbine engines is the possibility of premature combustion in the 
mixing duct. This possibility arises from the fact that the temperature at the 
combustor entrance is above the autoignition point for most fuels. In principle, 
autoignition can be avoided by limiting the residence time in the mixing duct to 
a value less than the mixture ignition delay time. The degree of uncertainty as- 
sociated with available ignition delay data and the fact that local equivalence 
ratio, which strongly influences ignition delay, varies along the length of the 
mixing duct makes an accurate prediction of ignition delay extremely difficult. 
Therefore, an important by-product of any premixed combustion experiment is a 
determination of whether the device can be operated at steady state over an ex- 
tended pressure range without autoignition or flashback. 

The premixing combustor tested here was operated extensively at a pressure 
2 

of 40 N/cm without experiencing autoignition, either in the mixing duct (resi- 
dence time 4 msec) or in the combustor section. Combustion had to be initiated 
by the use of a small hydrogen/air gas igniter placed in the separated flow down- 
stream of the combustor entrance step. Once lit, the combustor flame continued 
burning without the continued use of the igniter. 

2 

When the combustor pressure level was increased to BO N/cm , the mixture 
autoignited in the combustor section at inlet temperatures in excess of 85 OK. 

In general, no temperature rise was detected in the mixing duct. However, after 
a routine inspection and reassembly of the apparatus, autoignition occurred in 
the mixing duct just downstream of a slip Joint connecting the cylindrical sec- 
tion of the mixer with the expanding section surrounding the flameholder cone. 

2 

A nearly identical situation was encountered at a pressure of 120 N/cm ; 
satisfactory operation in the mixing duct and autoignition in the combustor 
making the use of the gas igniter unnecessary. As at the lower pressure, one 
incident of autoignition occurred at the slip joint following a routine inspec- 
tion and reassembly. A close inspection of the apparatus following this incident 
revealed that misalignment of the slip joint upon reassembly produced a step on 



one side of the mixer. Since such a step creates a region of local separation 
and rec i rculat ion , its ability to provide sufficient residence time for auto- 
ignition is understandable. After a careful reassembly, further incidents of 

2 

autoignition were not experienced at the 120 N/cm pressure level. 

2 

All attempts to operate at a pressure of 2h0 N/cm produced autoignition in 

the cylindrical section of the mixer tube. A substantial temperature rise was 

indicated as early as station , thirty one centimeters downstream of the 

fuel injection station. As the mixer geometry is ae rodynamica 11 y clean in this 

2 

region, the inability to operate at 240 N/cm is a purely chemical kinetic ef- 
fect. It is likely that the problem could be corrected by increasing the mixer 
tube velocity, but this was not attempted in the present program. 

In some premixing designs, it is possible to avoid autoignition but en- 
counter a similar problem as the result of flashback, defined as the upstream 
propagation of a flame from a stabilized source into a combustible mixture. In 
no instance was flashback observed In the apparatus tested here. Summarizing, 

an aerodynami ca 1 1 y clean mixer duct with a residence time of 4 msec proved cap- 

2 

able of operation at temperatures up to 920K and pressures up to 120 N/cm with- 
out encountering autoignition. The presence of small regions of separated flow 

2 

in the mixer leads to problems of autoignition. At a pressure of 240 N/cm , an 
entrance temperature as low as 832K produced au to i gn i t i on , In no case did the 
flame flash upstream from the stabilized combustion zone into the mixer flow. 

All raw and reduced data taken during the test program is tabulated, along 
with the corresponding test conditions, in Appendix B. For each combustor total 
pressure level, the data represents a three-dimensional array with respect to the 
two independent variables, entrance temperature and equivalence ratio. 

Variation of Emissions with Equilibrium Flame Temperature 

For the moment, it would be more convenient if the data could be examined in 
terms of only one independent variable. Since the production of NO^, the oxida- 
tion of trace hydrocarbon species, and the equilibration of CO are, to a great 
extent, post flame reactions, the adiabatic flame temperature, which is a func- 
tion of both equivalence ratio and entrance temperature, assuming 100 percent 
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efficiency, seems a particularly attractive potential correlation parameter. 

Figure (7) presents the measured emission index for oxides of nitrogen as a 

2 

function of adiabatic flame temperature. Although the data at 40 N/cm displays 
a good deal of scatter, the adiabatic flame temperature does appear to correlate 
the data reasonably well. NO emission index is seen to be an exponentially in- 

X 

creasing function of flame temperature which, for the range of temperatures be- 
tween I 8 OOK and 2200K covered here, varies by an order of magnitude from 0.2 to 

2.0 g-NO /kg-fuel . The sensitivity of NO level to flame temperature appears to 
Z 2^2 

be approximately the same at AO N/cm and 80 N/cm but decreases somewhat at 120 

2 

N/cm . The NO^ emission index decreased when the pressure was varied. 

2 

The reason for the substantial data scatter in evidence at AO N/cm is not 
completely clear, although an error analysis of the gas sampling procedure in- 
dicates that the scatter is not the result of instrument error. The scatter is 
also present in combustion inefficiency indicating possible changes in the fuel 
distribution. The extremely small fuel orifice size employed in the low pres- 
sure test series allowed periodic blockage of random orifices which could pos- 
sibly have produced differing fuel injection patterns. It is also possible that 
the soft copper seals around the injection orifices allowed a degree of leakage 
which was significant compared with the very small injection area used at the 
lowest pressure and the leakage pattern changed as the apparatus was cycled in 
tempera tu re. 

The measured values of combustion inefficiency and hydrocarbon emission index 

are shown in Figures (8) and (9) as functions of the adiabatic flame temperature. 

Each appears to be reasonably well represented as an exponentially decreasing 

function of flame temperature. The combustion inefficiency varies between 0.5^ 

2 2 

and 1.0^ for pressures of 80 and 120 N/cm . At AO N/cm , the combustion inef- 
ficiency varies between and A%, considerably in excess of the values reported 
in Reference (l) for the same conditions. The reason for this increase in in- 
efficiency are not immediately evident, but may be related to the slightly er- 

2 

ratic nature of the combustion indicated by the degree of scatter. At 120 N/cm , 
the combustion inefficiency begins to increase sharply as the temperature drops 
below 1900K, behavior typical of incipient blowout. This behavior is not evident 
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at the lower pressures - 


Figure (lO) presents the difference between the measured concentration of 
carbon monoxide and the CO concentration corresponding to equilibrium at the 
pressure, equivalence ratio and adiabatic flame temperature for the test point. 
From the data of Fi'gure (lO), one would conclude that the CO level is approach- 
ing equi 1 ibrium wi th increasing rapidity as the pressure level increases. How- 

2 

ever, CO levels at 80 N/cm are below equilibrium for adiabatic flame tempera- 
tures above 2000K (giving negative values of super-equilibrium concentration) 

2 

and the same condition exists at 120 N/cm at flame temperatures above 1900K, 

It is likely that this is the result of inadequate sample quench rates at the 
higher pressure levels where CO oxidation rates are higher. 

By making use of the correlation with adiabatic flame temperature, the data 
can be presented as a function of the two independent variables, equivalence 
ratio and combustor entrance temperature. To do this, we make use of the fact 
that emission data taken at constant equivalence ratio (Reference 1) shows an 
entrance temperature dependence of the form 


£n E . = A . + B . T- 
I 1 I 3 


In this functional relationship E. represents either NO 

I X 

or combustion inefficiency, is the combustor entrance 
B. are constants (or functions of equivalence ratio, 4>) . 
be used to correct data taken at one temperature, , to 
another temperature, , by the simple relation 


£,(13) = 


(T 3 ) 


8(13-13) 


or UHC emission Index 
temperature and A. and 
This relationship can 
an equivalent value at 


3 iln E , 

where B is simply the logarithmic derivative ’ 


3T. 


Using Equation (2) all data can be corrected to the nearest TOOK entrance 
temperature and plotted as a function of equivalence ratio. However, to do this 
we require the value of the derivative B. Fortunately, within the range of en- 
trance temperature and equivalence ratio covered here, the adiabatic flame tern- 
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perature is well represented by the linear relation 


= 1500 + 2000((j>-0.25) + 0.9(T^-900) (3) 

Combining Equations (3) and (l), differentiating at constant equivalence ratio 
and rearranging yields the result 

B = 0.9 ^ ax ^ 

The derivative required in Equation (^) is simply the slope of the correlation 
curve already obtained. 

Variation of Emissions with Inlet Temperature, 

Equivalence Ratio, and Pressure 

Equation (2) has been used to apply a limited correction to the reduced emis- 
sion data to shift all points to the nearest multiple of one hundred degrees in 
entrance temperature. The maximum temperature correction is 50K. The magnitude 
of the correction factor applied to the data is a function of the slope of the 

adiabatic temperature correlation curve and the required temperature shift. How- 

2 

ever, for the most sensitive case (NO emission index at a pressure of kO N/cm ) 

X 

the maximum correction applied amounts to less than seven percent of full scale. 

As a result, the procedure is not highly sensitive to errors in the adiabatic tem- 
perature correlation. 

Figures (ll) through (13) present the combustor emission data, corrected to 
the nearest multiple of lOOK inlet temperature as functions of inlet temperature 
and equivalence ratio. For a pressure of 40 N/cm , Figure (ll) indicates that 
NO^ level increases by an order of magnitude for a temperature increase of 200K. 
Combustion inefficiency and hydrocarbon emission index are both more sensitive 
to inlet temperature level, each requiring 263K for a decade increase. Increas- 
ing equivalence ratio produces the same result as increasing inlet temperature, 
driving NO^ levels higher while dropping the hydrocarbon emission index and com- 
bustion i nef f i ci ency . 
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FIGURE 11a. NO^ EMISSION INDEX AS A FUNCTION OF 

EQUIVALENCE RATIO AND COMBUSTOR INLET 
TEMPERATURE AT kO N/cm^ 
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FIGURE 12a. NO^ EMISSION INDEX AS A FUNCTION OF EQUIVA- 
LENCE RATIO AND COMBUSTOR INLET TEMPERATURE 
AT 80 N/cm^ 
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FIGURE 12b. COMBUSTION INEFFICIENCY AS A FUNCTION OF 
EQUIVALENCE RATIO AND COMBUSTOR INLET 
TEMPERATURE AT 80 N/cm^ 
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HYDROCARBON EMISSION INDEX AS A FUNCTION 
OF EQUIVALENCE RATIO AND COMBUSTOR INLET 
TEMPERATURE AT 120 N/cm^ 
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FIGURE 13d. SUPER-EQUILIBRIUM CARBON MONOXIDE EMISSION 
INDEX AS A FUNCTION OF EQUIVALENCE RATIO 
AND COMBUSTOR INLET TEMPERATURE AT 120 N/cm 






The inlet temperature correction technique cannot be applied directly to the 
CO emission index, since this is a function of both adiabatic flame temperature 
and equivalence ratio. However, a super-equilibrium CO emission index can be 
defined based on the difference between measured CO concentration and equilibri- 
um concentration. The advantage of the super-equilibrium index it that since it 
is derivable directly from the hydrocarbon emission index and the combustion in- 
efficiency (see Appendix A) each of which are inlet temperature correctable, it 

2 

too can be corrected for inlet temperature variation. The result for ^0 N/cm 
is presented in Figure (lid). 

With the exception of the super-equilibrium CO emission index, the solid lines 
shown in each of the temperature-corrected data curves of Figures (ll) through 
( 13 ) are the equivalent of the solid lines drawn through the adiabatic flame tem- 
perature correlations presented in Figures (7) through (9). The solid lines 
drawn through the super-equilibrium CO data are a translation of the hydrocarbon 
emission index and combustion inefficiency curves using the definition of combus- 
tion inefficiency to derive super-equilibrium CO level. It is Interesting to 
note that the data appear to fit the derived curves reasonably well, despite the 
considerable scatter evident in the adiabatic temperature correlations. The 
super-equilibrium CO emission index is not a pure exponential function of equiva- 
lence ratio as is the case for the other emission indices since the equilibrium 
CO level is a function of equivalence ratio as well as adiabatic flame tempera- 
ture. 

The principal significance of the two parameter combustor performance curves 
of Figures (II) through (13) is their usefulness in adjusting the lines drawn 
through the adiabatic temperature correlations, particularly for the low pres- 
sure cases where data scatter would permit considerable latitude in this regard. 
Interestingly, an error in the slope of the adiabatic temperature correlation 
results in a vertical stretching of the two parameter curves and a highly ap- 
parent mismatch between data points and solid lines. In the case of CO emis- 
sion, the two parameter curves are the only way in which the data can be pre- 
sented. 
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CONCLUSIONS 


By using an aerodynami ca 1 1 y clean mixing duct to avoid local regions of 
separated flow which increase residence time above the k msec value character- 
istic of the bulk flow, it has been possible to operate a premixing combustor 

2 

at pressures up to 120 N/cm and combustor inlet temperatures up to 920K with- 
out encountering autoignition or flashback. Autoignition did occur in the mix- 

2 

ing duct at a pressure of 2^0 N/cm and a temperature of 833K. 

The NO and UHC emission indices and the combustion inefficiency correlate 

X 

reasonably well with adiabatic flame temperature. Adiabatic flame temperatures 

between 1700K and 2200K produce NO emission indices between 0,2 and 2.0 g-NO^/ 

2 

kg-fuel. NO^ levels measured at pressures of ^0, 80 and 120 N/cm vary some- 
what from case to case. However, the degree of premixing produced by the normal 
injection design also varies and this effect could overshadow the pressure ef- 
fects on reaction kinetics. Certainly, NO^ levels are quite low at each of the 
three pressures tested. 

2 

At pressures of 40 and 80 N/cm , it was not possible to maintain stable 

combusticv. at adiabatic flame temperatures below l/OOK. At a pressure of 
2 

120 N/cm , combustion inefficiency displayed behavior typical of Incipient blow 
off at 1850K. 
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APPENDIX A 

DATA REDUCTION PROCEDURES 


The gas analysis instrumentation provide -raw data in the form of volume frac~ 
tions of the particular gases being sampled. This raw data is converted Into the 
more convenient form of emission index and equivalence ratio following the pro- 
cedures detailed below. 

Each of the gas analysis instruments must be calibrated in order to convert 
the instrument reading to the volume fraction of the particular gas being analyzed. 
In the case of the Beckman Model A02 hydrocarbon analyzer and the Beckman Model 
315 B CO analyzer, this calibration is accomplished by passing prepared mixtures 
of calibration gas through the instruments and establishing calibration curves. 

The hydrocarbon analyzer was calibrated using gas standards containing 47 ppm, 

91 ppm, ll4 ppm and 269 ppm propane in nitrogen. The instrument output is pro- 
portional to the number of carbon atoms with hydrogen bonds. Thus, pure hydro- 
gen or pure carbon will produce no response and a given concentration of propane 
(C^Hg) will produce three times the response of an equal concentration of methane 
(CH^^) . The instrument responds to all C-H bonds. As a result, it measures the 
sum of both unoxidized hydrocarbon and partially oxidized hydrocarbon molecules. 

The instrument calibration curve is shown in Figure (A1 ) . The response is linear 
with hydrocarbon concentration, presented in units of ppmC, that is, the number 
of hydrogenated carbon atoms in parts per million. 

Calibration of the Beckman Model 315B CO analyzer was accomplished using stan- 
dard gases with 1530 ppm, 1043 Ppm, 605 ppm, 305 ppm and 65 ppm CO in nitrogen. 

The calibration curve is shown in Figure (A2) . 

The gases used for calibration of the Beckman Model 864 CO^ analyzer contained 
10.2^, 5 . 0 ^ and 2.0^ CO^ in nitrogen. The analyzer calibration curve is slightly 
nonlinear as shown in Figure (A3). The Beckman Model 951 NO/NO^ analyzer was 
calibrated using standards containing 250 ppm, 2l6 ppm, 104 ppm, 82 ppm and 21 ppm 
NO^ in nitrogen. The NO^ analyzer produces a linear response as illustrated in 
Figure (A4) . 
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The gas analysis instruments were calibrated once each week using the entire 
set of standard gases. Zero gas and span gas were passed through all instruments 
immediately prior to each test and the instrument output recorded on the same 
data roil which was used for the subsequent test run. 

Conversion of the molar concentration (volume fractions) provided by the gas 
analysis instrumentation into the more convenient terms of emission index and 
equivalence ratio requires a prior knowledge of the ratio of carbon to hydrogen 
in the system. This is ascertained from a chemicai analysis of the fuel used in 
the experiments. For the JP-5 fuel used here, the hydrogen to carbon ratio is 
1.92 and the fuel /air ratio f/a is given by Reference (8) to be 

-1» -k 

CO X 10 + C0_ + HC X 10 

f/a = r (A1) 

208 - 2.03 X 10 ^ CO - 0.998 CO 2 

where CO and HC are the molar concentrations of carbon monoxide and unburned hydro- 
carbon in units of parts per million (ppm) and ppmC respectively and CO 2 is the 
volume percent of carbon dioxide expressed as a percentage of total gas volume. 

The equivalence ratio, ij), is defined as the ratio of the actual fuel/air ratio 
to the stoichiometric fuel/air ratio. For JP-5, 

<i> = 11*. 7 (f/a) (A2) 

The combustion inefficiency. Cl, is 

... 0.1*61* CO + 1.11 HC 

Cl = — r X 100 

10 CO 2 + CO + HC 

The numerator of the second term represents the potential heat release which 
could be obtained by further oxidation of CO to form CO^ and hydrocarbons to form 
H^O and CO 2 . However, a certain level of CO is required by chemical equilibrium 
considerations, this level being well represented by the following curve fit. 



1*93 


f^-0.6 , ■'l*-1900 

^Q^o:^ 230 


(A3) 


1*0 



where p is the pressure In N/cm and is the adiabatic flame temperature in 
degrees Kelvin. 

Since the production of the equilibrium CO level does not imply combustor in- 
efficiency, the definition of percent combustion inefficiency Cl Is altered 
slightly so that a penalty accrues only from that portion of the total CO produced 
which exceeds the equilibrium value. Thus, 

0./t6A (CO-CO ) + 1.11 HC 

Cl = — ^9 X 100 (A4) 

10 CO^ + CO + HC 

The measured volume fractions expressed as ppm of CO, hydrocarbons and NO^ are 
converted into emission indices (grams of component per kilogram of fuel) using 
the following expressions: 


^ CO (1 + f/a) 
CO 1035 f/a 


(A5) 


P _ HC (1 + f/a) 
HC 2081 f/a 

NO^d + f/a) 
^NO^ ° 630 f/a 


(A6) 

(A7) 


In Equation (A7) , the molecular weight of NO^ is taken to be 46. This reflects 
the assumption that all NO produced eventually becomes NO^. The emission index is 
thus based on the molecular weight of the NO^ molecule. It is also convenient to 
define a super-equilibrium CO emission index, since this is representative of the 
first term in the numerator of the combustion inefficiency expression. Equation 
(A4) . In this case 


E 


CO 

supeq 


(CO - CO ) (1 + f/a) 

eg 

1035 f/a 


(A8) 
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APPENDIX B 
DATA SUMMARY 


Pxio'l 

T 

CO2 

CO 

HC 

NO 

X 

PHI 

ENO 

X 

ECO 

EHC 

Cl 

(N/cm ) (k) 

ill 

(ppm) 

(ppmC) 

(ppm) 


(g/kg) 

(g/kg) 

(g/kg) 

ill 

k.S 

973 

3.2 

830 

283 

3 

0.279 

0.3 

44.4 

7.5 

2.10 

k.h 

980 

4.6 

420 

248 

25 

0.400 

1.5 

15.8 

4.6 

1.00 

k.h 

982 

6.7 

130 

135 

103 

0.576 

4.5 

3.4 

1.8 

0.20 

3.8 

994 

6.7 

100 

143 

99 

0.575 

4.3 

2.6 

1.9 

0.30 

k.k 

930 

3.5 

610 

582 

4 

0.305 

0.3 

29.9 

14.2 

2.60 

h .5 

945 

5.0 

230 

311 

37 

0.429 

2.1 

8.1 

5.4 

0.90 

4.3 ■ 

967 

6.2 

760 

462 

61 

0.540 

2.8 

21 .3 

6.5 

0.90 

4.8 

865 

6.0 

540 

376 

15 

0.520 

0.7 

15.7 

5.4 

1.00 

4.8 

849 

6.7 

530 

347 

22 

0.581 

0.9 

13.9 

4.5 

0.60 

4.6 

808 

6.3 

900 

490 

14 

0.550 

0.6 

24.8 

6.7 

1.40 

4.5 

814 

6.6 

830 

530 

35 

0.576 

1.5 

21.9 

6.9 

1 .20 

4.4 

824 

5.4 

650 

470 

13 

0.469 

0.7 

20.9 

7.5 

1.50 

4.7 

822 

6.0 

775 

500 

26 

0.523 

1.2 

22.5 

7.2 

1 .40 

4.5 

789 

4.7 

1700 

1210 

2 

0.423 

0.1 

60.4 

21.4 

4.30 

4.6 

781 

4.6 

420 

597 

2 

0.394 

0.2 

16.0 

11.3 

1 .80 

4.6 

779 

5.5 

830 

700 

1 1 

0.481 

0.6 

26.1 

10.9 

2.00 

4.5 

767 

6.6 

1380 

974 

23 

0.581 

1 .0 

36.1 

12.7 

2.40 

4.5 

737 

6.8 

1510 

1070 

26 

0.605 

1.1 

38.0 

13.4 

2.40 

4.5 

749 

6.9 

1530 

1210 

44 

0.615 

1.8 

37.9 

14.9 

2.50 

4.4 

747 

6.6 

1800 

1320 

33 

0.592 

1.4 

46.2 

16.9 

3.10 

4.6 

806 

6.7 

1030 

520 

13 

0.591 

0.5 

26.5 

6.7 

1 .20 

4.6 

803 

7.2 

1030 

501 

23 

0.636 

0.9 

24.7 

6 . 0 

0.80 

4.5 

789 

6.0 

1250 

694 

5 

0.529 

0.2 

35.8 

9.9 

2.10 

4.4 

782 

5.8 

1350 

781 

3 

0.516 

0.1 

39.6 

1 1 .4 

2.40 

4.3 

769 

4.5 

1900 

1240 

3 

0.408 

0.2 

70.0 

22.7 

4.70 

4.5 

735 

6.1 

1800 

1210 

4 

0.543 

0.2 

50.3 

16.8 

3.40 

4.9 

721 

6.1 

1800 

1240 

6 

0.547 

0.3 

49.9 

17.1 

3.40 

8.0 

908 

5.7 

60 

50 

5 

0.491 

0.27 

1.8 

0.8 

0.10 

8.0 

908 

6.3 

40 

38 

15 

0.539 

0.71 

1.1 

0.5 

0.07 

8.0 

908 

6.6 

35 

29 

34 

0.565 

1.50 

0.9 

0.4 

0.06 


k2 


Pxio"^ 

T 

CO2 

CO 

HC 

NO 

X 

PHI 

ENO 

X 

ECO 

EHC 

Cl 

fN/cm^) (K) 

m 

(ppm) 

(ppmC) 

(ppm) 


(g/kg) 

(g/kg) 

(g/kg) 

i %) 

8.0 

903 

6.6 

40 

27 

20 

0.565 

0.87 

1.1 

0.4 

0.05 

8.0 

882 

5.4 

190 

55 

3 

0.457 

0.17 

6.3 

0.9 

0.25 

8.0 

838 

4.9 

450 

218 

2 

0.420 

0.13 

16.1 

3.9 

0.90 

8.0 

862 

3.8 

2000 

1320 

3 

0.353 

0.19 

84.8 

27.8 

5.72 

8.7 

840 

5.7 

320 

51 

2 

0.489 

0.08 

9.9 

0.8 

0.32 

8.6 

830 

6.1 

300 

33 

2 

0.519 

0.09 

8.8 

0.5 

0.23 

8.6 

810 

6.4 

55 

10 

4 

0.547 

0.20 

1.5 

0.1 

0.02 

8.6 

782 

6.i* 

230 

37 

5 

0.553 

0.25 

6.3 

0.5 

0.14 

8.6 

760 

6.1 

1350 

357 

4 

0.536 

0.18 

38.2 

5.0 

1.58 

8.6 

735 

6.3 

1020 

353 

2 

0.550 

0.10 

28.1 

4.8 

1.29 

8.2 

886 

5.6 

110 

59 

4 

0.478 

0.22 

3.5 

0.9 

0.16 

8.1 

855 

6.1 

80 

38 

8 

0.526 

0.37 

2.3 

0.5 

0.07 

8.3 

822 

6.4 

120 

34 

9 

0.548 

0.40 

3.3 

0.5 

0.06 

8.3 

794 

6.4 

60 

27 

9 

0.547 

0.40 

1.7 

0.4 

0.05 

8.2 

749 

7.1 

245 

82 

17 

0.607 

0.71 

6.1 

1 .0 

0.13 

12.0 

921 

4.5 

100 

93 

3 

0.378 

0.18 

4.0 

1 .8 

0.33 

12.0 

870 

5.4 

52 

58 

12 

0.460 

0.62 

1.7 

0.9 

0.14 

12.0 

837 

6.1 

45 

40 

23 

0.521 

1.10 

1.3 

0.6 

0.08 

12.0 

802 

7.0 

40 

26 

41 

0.600 

1.70 

1 .0 

0.3 

0.05 

12.0 

769 

7.5 

39 

22 

47 

0.645 

1.83 

0.9 

0.3 

0.04 

12.0 

767 

5.8 

95 

529 

6 

0.499 

0.29 

2.9 

8.0 

1 .06 

12.0 

752 

5.8 

70 

420 

6 

0.494 

0.28 

2.1 

6.4 

0.85 

12.0 

796 

5.1 

95 

217 

4 

0.436 

0.21 

3.3 

3.7 

0.55 

12.0 

777 

5.9 

60 

149 

6 

0.500 

0.32 

1.8 

2.2 

0.31 

12.0 

755 

6.2 

75 

121 

7 

0.531 

0.35 

2.1 

1.7 

0.24 

12.0 

780 

5.6 

110 

365 

5 

0.476 

0.25 

3.5 

5.8 

0.80 

12.0 

728 

5.7 

140 

365 

4 

0.491 

0.20 

4.3 

5.6 

0.80 


NASA- Langley, 1976 
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